Chapter 6
Redox Transformations and Transport Processes

The elucidation of the nature of charge transfer and charge transport processes in
electrochemically active polymer films may be the most interesting theoretical
problem of this field. It is also a question of great practical importance, because
in most of their applications fast charge propagation through the film is needed. It
has become clear that the elucidation of their electrochemical behavior is a very
difficult task, due to the complex nature of these systems [1-8].

In the case of traditional electrodes, the electrode reaction involves mass trans-
port of the electroactive species from the bulk solution to the electrode surface and
an electron transfer step at the electrode surface. A polymer film electrode can be
defined as an electrochemical system in which at least three phases are contacted
successively in such a way that between a first-order conductor (usually a metal)
and a second-order conductor (usually an electrolyte solution) is an electrochemi-
cally active polymer layer. The polymer layer is more or less stably attached to the
metal, mainly by adsorption (adhesion).

The fundamental observation that should be explained is that even rather thick
polymer films, in which most of the redox sites are as far from the metal surface as
100-10,000 nm (this corresponds to surface concentrations of the redox sites
I' = 103-10"% mol cm ), may be electrochemically oxidized or reduced.

According to the classical theory of simple electron transfer reactions, the
reactants get very close to the electrode surface, and then electrons can tunnel
over the short distance (tenths of a nanometer) between the metal and the activated
species in the solution phase.

In the case of polymer-modified electrodes, the active parts of the polymer
cannot approach the metal surface because polymer chains are trapped in a tangled
network, and chain diffusion is usually much slower than the time scale of
the transient electrochemical experiment (e.g., cyclic voltammetry). Although we
should not exclude the possibility that polymer diffusion may play a role in carrying
charges, even the redox sites may get close enough to the metal surface when the
film is held together by physical forces. It may also be assumed that in ion exchange
polymeric systems, where the redox-active ions are held by electrostatic binding
[e.g., Ru(bpy)f”2+ in Nafion], some of these ions can reach the metal surface.
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However, when the redox sites are covalently bound to the polymer chain (i.e., no
free diffusion of the sites occurs), and especially when the polymer chains are
connected by chemical cross-linkages (i.e., only segmental motions are possible),
an explanation of how the electrons traverse the film should be provided.

Therefore, the transport of electrons can be assumed to occur either via an
electron exchange reaction (electron hopping) between neighboring redox sites, if
the segmental motions make it possible, or via the movement of delocalized
electrons through the conjugated systems (electronic conduction). The former
mechanism is characteristic of redox polymers that contain covalently attached
redox sites, either built into the chain or included as pendant groups, or redox-active
ions held by electrostatic binding.

Polymers that possess electronic conduction are called conducting polymers,
electronically conducting polymers, or intrinsically conducting polymers—ICPs
(see Chap. 2). Electrochemical transformation—usually oxidation—of the noncon-
ducting forms of these polymers usually leads to a reorganization of the bonds of
the macromolecule and the development of an extensively conjugated system. An
electron hopping mechanism is likely to be operative between the chains (interchain
conduction) and defects, even in the case of conducting polymers.

However, it is important to pay attention to more than just the “electronic
charging” of the polymer film (i.e., to electron exchange at the metal-polymer
interface and electron transport through the surface layer), since ions will cross the
film—solution interface in order to preserve electroneutrality within the film. The
movement of counterions (or less frequently that of co-ions) may also be the rate-
determining step.

At this point, it is worth noting that “electronic charging (or simply charging) the
polymer” is a frequently used expression in the literature of conducting polymers.
It means that either the polymer backbone or the localized redox sites attached to
the polymeric chains will have positive or negative charges as a consequence of a
redox reaction (electrochemical or chemical oxidation or reduction) or less often
protonation (e.g., “proton doping” in the case of polyaniline). This excess charge is
compensated for by the counterions; i.e., the polymer phase is always electrically
neutral. A small imbalance of the charge related to the electrochemical double
layers may exist only at the interfacial regions. “Discharging the polymer” refers to
the opposite process where the electrochemical or chemical reduction or oxidation
(or deprotonation) results in an uncharged (neutral) polymer, and, because the
counterions leave the polymer film, in a neutral polymer phase.

The thermodynamic equilibrium between the polymer phase and the contacting
solutions requires ji;(film) = j; (solution) for all mobile species, as discussed in
Chap. 5. In fact, we may regard the film as a membrane or a swollen polyelectrolyte
gel (i.e., the charged film contains solvent molecules and, depending on the
conditions, co-ions in addition to the counterions).

A simple model of the charge transfer and transport processes in a polymer film
electrode is shown in Fig. 6.1.

As a consequence of the incorporation of ions and solvent molecules into the
film, swelling or shrinkage of the polymer matrix takes place. Depending on the
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Fig. 6.1 A schematic picture of a polymer film electrode. In an electrochemical experiment, the
electron transfer occurs at the metal-polymer interface that initiates the electron propagation
through the film via an electron exchange reaction between redox couples A and B or electronic
conduction through the polymer backbone. (When the polymer reacts with an oxidant or reductant
added to the solution, the electron transfer starts at the polymer—solution interface.) Ion exchange
processes take place at the polymer—solution interface; in the simplest case counterions enter the
film and compensate for the excess charge of the polymer. Neutral (solvent) molecules (O) may
also be incorporated into the film (resulting in swelling) or may leave the polymer layer

nature and the number of cross-links, reversible elastic deformation or irreversible
changes (e.g., dissolution) may occur. Other effects, such as dimerization, ion-pair
formation, and cross-linking, should also be considered.

We have already mentioned several effects that are connected with the poly-
meric nature of the layer. It is evident that all the charge transport processes listed
are affected by the physicochemical properties of the polymer. Therefore, we also
must deal with the properties of the polymer layer if we wish to understand the
electrochemical behavior of these systems. The elucidation of the structure and
properties of polymer (polyelectrolyte) layers as well as the changes in their
morphology caused by the potential and potential-induced processes and other
parameters (e.g., temperature, electrolyte composition) set an entirely new task
for electrochemists. Owing to the long relaxation times that are characteristic of
polymeric systems, the equilibrium or steady-state situation is often not reached
within the time allowed for the experiment.

However, the application of combined electrochemical and nonelectrochemical
techniques has allowed very detailed insights into the nature of ionic and electronic
charge transfer and charge transport processes.

In this chapter, we intend to outline some relevant experiences, to discuss
existing models and theories, and to summarize and systematize the knowledge
accumulated on charge transport processes occurring in redox and conducting
polymer films.
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6.1 Electron Transport

As has already been mentioned, electron transport occurs in redox polymers—
which are localized state conductors—via a process of sequential electron self-
exchange between neighboring redox groups. In the case of electronically
conducting polymers—where the polymer backbone is extensively conjugated,
making considerable charge delocalization possible—the transport of the charge
carriers along a conjugated strand can be described by the band model characteristic
of metals and semiconductors. Besides this intrachain conduction, which provides
very high intrinsic conductivity, various hopping and tunneling processes are
considered for nonintrinsic (interstrand and interfiber) conduction processes.

6.1.1 Electron Exchange Reaction

The elementary process is the transfer of an electron from an electron donor orbital
on the reductant (e.g., Fez+) to the acceptor orbital of the oxidant (e.g., Fe3+). The
rate of electron transfer is very high, taking place within 10~'® s; however, bond
reorganization may require from 107" to 107'* s, reorientation of the solvent
dipoles (e.g., water molecules in the hydration sphere) needs 10~ "' to 107'% s,
and the duration of the rearrangement of the ionic atmosphere is ca. 10~® s. The rate
coefficients are much higher for electron exchange reactions occurring practically
without structural changes (outer sphere reactions) than for reactions that require
high energies of activation due to bond reorganization (inner sphere mechanism).
However, the probability of electron transfer (tunneling) depends critically
on the distance between the species participating in the electron exchange reaction.
A reaction can take place between two molecules when they meet each other.
It follows that the rate-determining step can be either the mass transport (mostly
diffusion is considered, but effect of migration cannot be excluded) or the reaction
(the actual rate of electron transfer in our case). For an electron exchange process
coupled to isothermal diffusion, the following kinetic scheme may be considered:

—

A+B 2 [AB )R oA +B, ©6.1)
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where ]aj, %d, and k. are the rate coefficients for diffusive approach, for separation,
and for the forward reaction, respectively. Note that kq is a second-order rate
coefficient, while laj and k. are first-order rate coefficients. The overall second-
order rate coefficient can be given by

—
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Figure 6.2 schematically illustrates the microscopic events that occur during an
electron exchange reaction. -

If the reaction has a small energy of activation, so k. is high (k. > kq), the rate-
determining step is the approach of the reactants. Under these conditions, it holds
that k = ky. The kinetics are activation controlled for reactions with large activation
energies (AG1>20 kJ mol ! for reactions in aqueous solutions), and then

6.3)

Since ky / %d is the equilibrium constant, K for the formation of the precursor
complex k can be expressed as

k=kK. (6.4)
The rate of the collision, k4, can be estimated using Smoluchowski’s equation:
kd = 1, 000 x 47'CNAI”ABDAB, (65)

where N, is the Avogadro constant, ¢ is the mean distance between the centers of
the species involved in the electron exchange (§ ~ 2r for identical species where
ra 1s the radius of the reactant molecule), and D g is the relative diffusion coeffi-
cient of the reacting molecules. The diffusion coefficients of ions in aqueous
solutions at 298 K are typically 1-2 x 10° m* s™', except Dy* = 9.1 x 10~°
m?s " and Doy— = 5.2 x 1072 m*s~'. For a small ion 6 = 0.5 nm. By inserting

these values into (6.5), we obtain kg4 = 8 X 10° dm® mol™' s, Consequently,

kq ® ®)

d

Fig. 6.2 A microscopic-level schematic of the electron exchange process coupled to isothermal
diffusion. The upper part shows that species A and B~ start to diffuse toward each other from their
average equilibrium distance (d) with diffusion rate coefficient, k4. The next stage is the “forward”
electron transfer step after the formation of a precursor complex, characterized by rate coefficient
k., and the mean distance of the redox centers 0 = ra + rg or for similar radii é = 2r4. The lower
part depicts the separation of the products, A~ and B
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if k. > 10° dm® mol™'s™' the reaction is diffusion controlled. In aqueous
solutions, fast electron transfer and acid—base reactions fall within this category.
On the other hand, if the viscosity (1) of the solvent is high, due to the inverse
relationship between D and 7, kq may be smaller by orders of magnitude. Similarly,
the diffusion of macromolecules is also slow, D = 10~ 19_107'° m? s~". In the case
of polymer film electrodes where the polymer chains are trapped in a tangled
network, rather small values for the diffusion coefficient of the chain and segmental
motions can be expected. If the latter motions are frozen-in (e.g., at low
temperatures or without the solvent swelling, which has a plasticizing effect on
the polymer film), the electron transport may be entirely restricted.

It follows that diffusion control is more frequently operative in polymeric
systems than that in ordinary solution reactions, because k4 and k. are more likely
to be comparable due to the low D values [9-16]. If the electron exchange reaction
occurs between ionic species (charged polymer sites), the coulombic forces may
reduce or enhance both the probability of the ions encountering each other and the
rate of electron transfer. For the activation-controlled case, k. can be obtained as
follows [17]:

2

ZaZge

Ink, = Inko — AZBE
e =M e = kT’

(6.6)
where z, and zg are the charges of the ions and ¢ is the dielectric permittivity of the
medium. If z, and zg have the same sign k. decreases; in the opposite case k.
increases. The effect can be modified by using a solvent with high or low ¢ values or
by adding a large amount of inert electrolyte to the solution. In the latter case, the
effect of ionic strength (/) is approximately given by

Ink = Ink® + zazgAVI, (6.7)

where A is the constant of the Debye—Hiickel equation, and k° is the rate coefficient
in the absence of electrostatic interactions.

The electron exchange reaction (electron hopping) continuously occurs between
the molecules of a redox couple in a random way. Macroscopic charge transport
takes place, however, only when a concentration or potential gradient exists
in the phase for at least one of the components of the redox couple. In this case,
the hydrodynamic displacement is shortened for the diffusive species by 0 ~ 2ra,
because the electron exchange (electron diffusion) contributes to the flux.
The contribution of the electron diffusion to the overall diffusion flux depends on
the relative magnitude of k. and k4 or D, and D 3 (i.e., the diffusion coefficients of
the electron and ions, respectively).

According to the Dahms—Ruff theory of electron diffusion [9-12]

k0%

D =Dpg +D. = Dpg + 6

(6.8)
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for three-dimensional diffusion where D is the measured diffusion coefficient, ¢ is
the concentration of redox centers, and k. is the bimolecular electron transfer rate
coefficient. The factors 1/4 and 1/2 can be used instead of 1/6 for two- and one-
dimensional diffusion, respectively.

This approach has been used in order to describe the electron propagation through
surface polymer films [2, 6, 18-26]. In these models, it was assumed that transport
occurs as a sequence of successive steps between adjacent redox centers of different
oxidation states. The electron hopping has been described as a bimolecular process in
the direction of the concentration gradient. The kinetics of the electron transfer at the
electrode—polymer film interface, which initiates electron transport in the surface
layer, is generally considered to be a fast process which is not rate limiting. It was
also presumed that the direct electron transfer between the metal substrate and the
polymer involves only those redox sites situated in the layer immediately adjacent to
the metal surface. As follows from the theory (6.8), the measured charge transport
diffusion coefficient should increase linearly with ¢ whenever the contribution from
the electron exchange reaction is important, and so the concentration dependence of D
may be used to test theories based on the electron exchange reaction mechanism.
Despite the fact that considerable efforts have been made to find the predicted linear
concentration dependence of D, it has been observed in only a few cases and for a
limited concentration range.

There may be several reasons why this model has not fulfilled expectations
although the mechanism of electron transport as described might be correct.

6.1.1.1 Problems with the Verification of the Model

The uncertainty in the determination of D by potential step, impedance, or other
techniques is substantial due to problems such as the extraction of D from the
product D'?¢ (this combination appears in all of the methods), the difficulty arising
from the in situ thickness estimation, nonuniform thickness [27-29], film inhomo-
geneity [30-32], incomplete electroactivity [19, 23, 33], and the ohmic drop effect
[34]. It may be forecast, for example, that the film thickness increases, and thus ¢
decreases, due to the solvent swelling the film; however, D simultaneously
increases, making the physical diffusion of ions and segmental motions less hin-
dered. In addition, the solvent swelling changes with the potential, and it is sensitive
to the composition of the supporting electrolyte. Because of the interactions
between the redox centers or between the redox species and the film functional
groups, the morphology of the film will also change with the concentration of the
redox groups. We will deal with these problems in Sects. 6.4-6.7. It is reasonable to
assume that in many cases Dag > D, (i.e., the electron hopping makes no contri-
bution to the diffusion), or the most hindered process is the counterion diffusion,
coupled to electron transport.
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6.1.1.2 Advanced Theories Predicting a Nonlinear D(c) Function

According to the theory of extended electron transfer elaborated by Feldberg, o
may be larger than 2r4, and this theory predicts an exponential dependence on the
average site—site distance (d) (i.e., on the site concentration) [26]:

ke = ko exp@, 6.9)

where s is a characteristic distance (ca. 1071 m).

An alternative approach proposed by He and Chen to describe the relationship
between the diffusion coefficient and redox site concentration is based on the
assumption that at a sufficiently high concentration of redox centers several elec-
tron hops may become possible because more than two sites are immediately
adjacent. This means that the charge donated to a given redox ion via a diffusional
encounter may propagate over more than one site in the direction of the concentra-
tion gradient. This is the case in systems where the electron exchange rate is high,
and therefore the rate of the electron transport is determined by the physical
diffusion of redox species incorporated into the ion exchange membrane or those
of the chain and segmental motions. This enhances the total electron flux. Formally,
this is equivalent to an increase in the electron hopping distance by a certain factor,
£, so D can be expressed as follows [35]:

kec(Sf)°

D =Dy +=5 (6.10)

Assuming a Poisson distribution of the electroactive species, the enhancement
factor can be expressed as a power series of a probability function which is related
to the concentration. At low concentrations, the probability of finding more than
one molecule in a hemisphere with a radius of the molecular collision distance is
nearly zero and f = 1. The factor f, and therefore D,, increases noticeably at higher
concentrations.

Another model introduced by Fritsch-Faules and Faulkner suggests that &, or D,
should first have an exponential rise with increasing ¢ and then flatten at high
concentrations. The exponential rise occurs because d becomes smaller as the
concentration increases, which promotes intersite electron transfer. As the mini-
mum center-to-center separation is approached, when each redox center has a
nearest neighbor that is practically in contact, k. or D, asymptotically approaches
its theoretical maximum value. A similar result has been obtained by a microscopic
model which describes electron (or hole) diffusion in a rigid three-dimensional
network. This concept is based on simple probability distribution arguments and on
a random walk [36].
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6.1.1.3 Transition Between Percolation and Diffusion Behaviors

Blauch and Savéant systematically investigated the interdependence between physical
displacement and electron hopping in propagating charge through supramolecular
redox systems [37]. It was concluded that when physical motion is either nonexistent
or much slower than electron hopping, charge propagation is fundamentally a perco-
lation process, because the microscopic distribution of redox centers plays a critical
role in determining the rate of charge transport [37, 38]. Any self-similarity of the
molecular clusters between successive electron hops imparts a memory effect, making
the exact adjacent-site connectivity between the molecules important. The redox
species can move about their equilibrium positions at which they are irreversibly
attached to the polymer (in the three-dimensional network, the redox species are either
covalently or electrostatically bound); this is referred to as “bounded diffusion.” In the
opposite extreme (free diffusion), rapid molecular motion thoroughly rearranges the
molecular distribution between successive electron hops, thus leading a mean-field
behavior. The mean-field approximation presupposes that ky > k. and leads to
Dahms—Ruff-type behavior for freely diffusing redox centers, but the following
corrected equation should be applied [37]:

D = Dpg(1 — x)fs + Dex, (6.11)

where x is the fractional loading, which is the ratio of the total number of molecules
to the total number of lattice sites. The factor (1 — x) in the first term accounts
for the blocking of physical diffusion and f, is a correlation factor which depends
on x. When D g becomes less than D., percolation effects appear. If D, > Dag, a
characteristic static percolation behavior (D = 0 below the percolation threshold
and an abrupt onset of conduction at the critical fractional loading) should be
observed. The mechanistic aspects of the charge transport can be understood
from D versus x plots. When D 4p is low, that is in the case of bounded diffusion
[26, 38],

k652 2
D :Dex:%. (6.12)
Thus, D varies with x*> when the rate of physical diffusion is slow.
In the case of free diffusion, the apparent diffusion coefficient becomes
D = Dagf(1 —x). (6.13)

Accordingly D will decrease with x. This situation originates in the decreased
availability of vacant sites (free volume) within the polymer film. When both
electron hopping and physical diffusion processes occur at the same rate (Dpag =
D.), D becomes invariant with x.
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6.1.1.4 Potential Dependence of the Diffusion Coefficient

In the simple models, D, is independent of the potential because the effects of both
the counterion activity and interactions of charged sites (electron—electron
interactions) are neglected. However, in real systems, the electrochemical potential
of counterions is changed as the redox state of the film is varied, the counterion
population is limited, and interactions between electrons arise. According to
Chidsey and Murray, the potential dependence of the electron diffusion coefficient
can be expressed as follows [39]:

De = ke {1+ [z (xe — z) " + g/ksT]xe(1 — x.) 1, (6.14)

where x. is the fraction of sites occupied by electrons, z; and z; are the charges of the
sites and the counterions, respectively, and g is the occupied site interaction energy
(The g parameter is similar to that of the Frumkin isotherm.) In the case of
noninteracting sites (g = 0), and in the presence of a large excess of supporting
electrolyte (z; = o0), D. = keé2 and this is a diffusion coefficient. In general, D,
does not remain constant as the potential (that is, the film redox composition) is
changed. D, does not vary substantially with potential within the reasonable ranges
of g and z (e.g., if g = 4, D, will only be double compared to its value at g = 0),
and a maximum (if g > 0) or a minimum (if g < 0) will appear at the standard
redox potential of the system.

The details of other theoretical models, including electric field effects [13, 14,
40-46], can be found in [3, 7, 18].

6.1.2 Electronic Conductivity

Electronically conducting polymers consist of polyconjugated, polyaromatic, or
polyheterocyclic macromolecules, and these differ from redox polymers in that
the polymer backbone is itself electronically conducting in its “doped” state. The
term “doping,” as it is often applied to the charging process of the polymer, is
somewhat misleading. In semiconductor physics, doping describes a process where
dopant species present in small quantities occupy positions within the lattice of
the host material, resulting in a large-scale change in the conductivity of the doped
material compared to the undoped one. The “doping” process in conjugated
polymers is, however, essentially a charge transfer reaction, resulting in the partial
oxidation (or less frequently reduction) of the polymer. Although conjugated
polymers may be charged positively or negatively, studies of the charging mecha-
nism have mostly been devoted to the case of p-doping. The electronic conductivity
shows a drastic change (up to 10-12 orders of magnitude) from its low value for the
initial (uncharged) state of the polymer, corresponding to a semiconductor or even
an insulator, to values of 1-1,000 S cm ™' (even up to 10° S cm™' comparable
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to metals) [47-66]. The range of conductivities of conducting polymers in charged
and uncharged states in comparison with different materials (insulators, semi-
conductors, and metallic conductors) is displayed in Fig. 6.3.

In general, the mobility of initial portions of the incorporated electronic charge
is rather low. At higher charging levels, the conductivity increases much more
rapidly than the charge and then levels out, or even decreases. This onset of
conductivity has been interpreted as an insulator—metal transition due to various
electron—electron interactions [67]. The temperature dependence of the conduc-
tivity in the highly charged state does not correspond in most cases to the metallic
type [68]. In agreement with quantum-chemical expectations, electron spin reso-
nance (ESR) measurements have demonstrated the presence of unpaired spins
inside the polymer film. However, the spin concentration passes through a
maximum at a relatively low charging level, usually before the high conductivity
increase, and then vanishes [52, 69—77]. The variation of the ESR signal intensity
(in arbitrary units) during a potential cycle and the corresponding cyclic
voltammogram are shown in Fig. 6.4.

As observed in ESR measurements, the generation of polarons (see below) at an
early stage of oxidation is widely accepted. However, at higher oxidation levels, the
decrease in spin density with increasing conductivity is found to be a challenging
feature. The following conclusions were drawn based on the correlation between the
mobilities and the ESR signal. The variation in mobility as a function of oxidation
level (Figs. 6.5 and 6.6) can be explained by the polaron lattice model [78].

The mobilities were calculated from the relation u = o/p..F, where ¢ is the
conductivity and p.. is the density of charge carriers. The charge-carrier density
was estimated from the charge measured by coulometry (Q), the density of the
polymer (p, which was assumed to be 1 g cm ™), the molar mass of the aniline
monomer unit (M), and the weight of the polymer film (W): p.. = pQ/FW.

The sharp rise in the mobility suggests the evolution of metallic conduction, and
this is attributed to the formation of Pauli spins. The decrease in ESR intensity at
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Fig. 6.3 Illustration of the range of electronic conductivities of conducting polymers in compari-
son with those of other materials
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Fig. 6.4 Simultaneous measurements of ESR absorption and current (/) for a 100-nm PANI film
on Pt in 0.5 mol dm > H,SO,. The potential was scanned from —0.1 V to +0.8 V and back. Scan
rate: 10 mV s™! [69] (Reproduced with the permission of The Electrochemical Society)
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Fig. 6.5 Oxidation levels of the PANI film on Pt as a function of electrode potential. Electrolyte:
0.1 M tetraethylammonium perchlorate (TEAP) in acetonitrile (Reproduced from [78] with the
permission of Elsevier Ltd.)
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Fig. 6.6 Mobilities of positive charge carriers in the PANI film at different oxidation levels.
Electrolyte: 0.1 M tetraethylammonium perchlorate (TEAP) in acetonitrile (Reproduced from [78]
with the permission of Elsevier Ltd.)

higher charging levels is due to the transformation between Curie spins (unpaired
electrons are localized or poorly delocalized) and Pauli spins (unpaired electrons
are delocalized in a conduction band). (As well as the number of spins, the
linewidth, and the g-factor as a function of the oxidation level have also been
analyzed.) The optical spectra indicate that the small mobility decrease during the
early phase of oxidation can be ascribed to a change in the polymer conformation
from a simple coil to an expanded coil [78].

Various models have been developed to explain the mechanism of charge transport
in conducting polymer film electrodes. Two extreme approaches exist. According to
the delocalized band model, the charges and unpaired electrons are delocalized over a
large number of monomer units [57, 69, 79, 80], while in the chemical model the
charge is localized in the polymer chain [75], or at most only some monomer units are
involved. The approach assuming localized charges does not differ essentially from
that applied for redox polymers. Therefore, we will deal with the semiconductor or
one-dimensional metal models [48, 51, 81] herein. Although the precise nature of
charge carriers in conjugated systems varies from material to material, in general the
following delocalized defects are considered: solitons (neutral defect state), polarons
(aneutral and a charged soliton in the same chain, which are essentially singly charged
cation radicals at the polymer chain coupled with local deformations), and bipolarons
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(two charged defects form a pair; these doubly oxidized, spinless dications usually
exist at higher charging levels) [48, 68, 82—89].

The macroscopic charge transport in a conducting polymer matrix represents a
superposition of the local transport mechanism. The intrinsic conductivity, which
refers to the conduction process along a conjugated chain, can be described in terms
of band theory, which is well established for solid materials. Metallic conductors
are characterized by either a partially filled valence band or an overlap between the
valence and conduction bands. Semiconductors and insulators possess a band gap
between the top of the valence band and the bottom of the conduction band. The
band gap energy is relatively small for a semiconductor but rather large for an
insulator. The neutral (reduced, undoped) polymer has a full valence and empty
conduction band separated by a band gap (insulator).

Chemical or electrochemical doping (oxidation and incorporation of counterions)
results in the generation of a polaron level at midgap. Further oxidation leads to the
formation of bipolaron energy bands in the band gap. Electronic conductivity is
rationalized in terms of bipolaron hopping. Because the overall size of the polymer is
limited, interchain electron transfer must also be considered. The intrachain con-
ductivity of the polymer is usually very high if the polymer chain is long and
contains no defects; therefore, the interchain conductivity is rate determining in a
good-quality polymer [83]. (If the polymer morphology is fibrillar, the fiber-to-fiber
electron transport may also be the most hindered process.) The essential aim is to
synthesize conducting polymers where the mean free path is limited by intrinsic
scattering events from the thermal vibrations of the lattice (phonons). One of the
problems is that quasi-one-dimensional electronic systems are prone to localization
of electronic states due to disorder. In the case of electronic localization, the carrier
transport is limited by phonon-assisted hopping, according to the Mott model [90].
The Mott model of variable range hopping gives the following equation for the

conductivity (o):
To\’
0 = 0y exp {— <70> ] , (6.15)

where o and T, are constants and 7 is a number related to the dimensionality (d) of
the hopping process (y = (d + 1)~ 1.

The 6o value depends on the electron—phonon coupling constant, while Ty is
connected to the localized density of states near the Fermi level and the decay
length of the wavefunction. It can be seen that conductivity increases with temper-
ature, in contrast to the situation for metals. This type of conductive behavior has
been verified for many conjugated polymer systems. The problem of localization is
less important if the molar mass of the polymer is high and only a few defects are
present, and a relatively intense interchain coupling prevails. In this case, the mean
free path becomes quite large and is determined by phonon scattering, as in true
metals. Under such conditions, the conductivity is high, and its value increases with
the molar mass of the polymer and decreases with the temperature.
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The mechanism of fluctuation-induced tunneling is expected for the electrical
conductivity if large regions of a highly conductive (“metallic”’) phase in an
inhomogeneous material are separated from each other by an insulating phase.
The latter acts as a potential barrier. Due to the exponential dependence of the
tunneling probability, tunneling will effectively occur only in the regions of closest
approach of the metallic segments.

The parabolic barrier approximation for the fluctuation-induced tunneling gives
the following relationship in terms of the temperature dependence of conductivity
[85,91]:

T
0=y exp {— 7 ‘TJ , (6.16)

where the parameters T and T are associated with the parameters of the tunnel
junction (its effective area, width, the height of the potential barrier, its effective
mass and dielectric permittivity). For instance, the temperature dependence of the
conductivity of polypyrrole has been analyzed using this theory. On the basis of
this analysis, an interesting conclusion has been drawn about the structure of
the polymer, namely that the polymer consists of islands with two-dimensional
(macrocyclic) structure which are connected (cross-linked) by one-dimensional
polypyrrole chains [92].

The conductivity may depend on other factors; for instance on the pH of the
contacting solution (proton doping in the case of polyaniline) (Fig. 6.7) or on the
presence of electron donor molecules in the gas phase.

Decreasing the pH of the solution increases the conductivity of polyaniline [54,
79, 93], while the resistance of dry polyaniline (Fig. 6.8) and polypyrrole increases
in an ammonia atmosphere [94, 95].

Electron-conducting polymers can easily be switched between conducting and
insulating states just by changing the potential, by electrochemical (or chemical)
oxidation and reduction, respectively, or by varying the composition of the
contacting fluid media (H* ion activity of the solution, or the NH; [96, 97], NO,
etc., concentration in the gas phase). The variation in the resistance of polyaniline
as a function of potential nicely demonstrates the conversion from the insulating to
the conducting state and vice versa (Fig. 6.9).

This is a unique property in comparison with the majority of electron-conducting
materials (e.g., metals). When the oxidation state of the polymers is varied, not just
their conductivity but other properties change too (e.g., color). It is this feature that
can be exploited in many practical applications [1, 98] (see Chap. 7).

Figure 6.10 shows the spectra of a PANI film measured in situ at different
potentials [99]. The absorption maximum at 310-320 nm is characteristic of the
reduced diamagnetic initial state (leucoemeraldine structure), and this band
decreases during the oxidation of PANI. The band at 420-440 nm can be assigned
to the paramagnetic polaronic/radical cation state. This band appears in the first
phase of oxidation simultaneously with the increasing absorbance in the region
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Fig. 6.7 The conductivity of PANI in emeraldine state (PANI-E) with and without poly
(vinylsulfonate) (PVS) incorporated into the polymer matrix, as a function of the composition of
the electrolyte with which the polymer was equilibrated. PANI-E + buffer: 0.05 M CcH4(COO ™),
plus appropriate amounts of HCI or NaOH [The concentration of the exchanging anionic species,
CgH4(COO™),, is about ten times higher in the film than in the solution.]. PANI-E/PVS + buffer:
0.05 M phosphoric or boric acid plus appropriate amounts of NaOH [53]
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Fig. 6.8 The response of a PANI ammonia sensor (log relative resistance—gas concentration plot)
for different gases and vapors: (/) ammonia; (2) methanol; (3) ethanol; (4) CO; and (5) NO, at
room temperature [96]
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Fig. 6.9 The change in the resistance of a polyaniline film in contact with 1 M H,SO, as a
function of the potential (Reproduced from [97] with the permission of Elsevier Ltd.)
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Fig. 6.10 In situ UV-VIS-NIR spectra of a PANI film obtained at different potentials: (/) —0.35;
(2) —0.25; (3) —0.15; (4) —0.05; (5) 0.05; (6) 0.15; (7) 0.25; (8) 0.35; (9) 0.45; (10) 0.55; and (/1)
0.65 V vs. SCE. Solution: 1 mol dm™> H,SO,4 (Reproduced from [99] with the permission of
Elsevier Ltd.)

A > 600 nm. The latter absorption is a characteristic feature of all electronically
conducting polymers, and it is connected with the conversion of localized redox
centers into delocalized free electron states (electron transfer from the valence
band to the polaron—bipolaron levels). At higher potentials, the absorption
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band at ca. 430 nm (which reaches its highest value at the beginning of the anodic
voltammetric wave) decreases, and a blue shift can also be observed, attesting a
further transformation in the form of the radical and an interplay between the
benzenoid (leucoemeraldine) and quinoid structures with better m-conjugation
(emeraldine form).

A conformational change and intermolecular stabilization [71] as well as dimer-
ization and disproportion of polaronic segments [100] have also been proposed in
order to explain the behavior in this potential region. The absorbance related to
the delocalized electrons increases also in the so-called capacitive region; then, as
the polymer becomes fully oxidized (the pernigraniline structure is formed) in the
region of the second voltammetric wave, the free electron band gradually disappears
and a new band appears at ca. 610 nm. The vibrational spectra also change during the
redox transformations of conducting polymers. The results from in situ FTIR-ATR
measurements [101] are presented in Fig. 6.11. At pH 1 the absorption intensities
detected for a PANI electrode at 1,564, 1,481, 1,304, 1,250, 1,144 (semiquinoid ring
vibrations), 889, 822, and 802 cm ! increase, while absorption at 1,502 cm™!
(assigned to a benzoid ring mode) and 1,203 cm ' decreases with increasing
potential. At pH 4, a band shift is detectable (1,564 — 1,576, 1,481 — 1,487,
1,144 — 1,136, and 822 — 831 cmfl) and some additional bands appear at
1,375, 1,184, and 864 cm™! [101]. The occurrence of the CH (out-of-plane) vibra-
tional band at 831-822 cm ™' can be attributed to a semiquinoid polaron lattice
structure. The bands appearing at 1,375 and 864 cm ™' at pH 4 can be assigned to a
ring-N-ring vibration in the quinoid form and to a C—H (out-of-plane) mode,
respectively, and those indicate the transition from the polaron to a bipolaron lattice
structure with completely quinoid rings. At low pH values, the background absorp-
tion increases due to the high electrical conduction. The 889 cm ™' band is due to the
inserted ReO,4 anions [101].

Charging/discharging (or redox switching) processes are usually fast, but are
rather complex in nature. The steady-state cyclic voltammograms exhibit in most
cases a combination of broad anodic and cathodic peaks with a plateau in the
current at higher potentials. This is illustrated in Fig. 6.12.

The current is proportional to the scan rate, i.e., from an electrical point of view
the film behaves like a capacitor [102—108]. However, this simple result is the
consequence of a complicated phenomenon which includes a faradaic process
(the generation of charged electronic entities at the polymer chains near the
electrode surface by electron transfer to the metal), the transport of those species
throughout the film, as well as the ion exchange at the film—solution interface (see
mass changes during charging/discharging cycles in Fig. 6.12).

Despite the above-mentioned quasi-equilibrium character of the cyclic voltam-
metric curves, a pronounced hysteresis (i.e., a considerable difference between the
anodic and cathodic peak potentials) appears. Slow heterogeneous electron transfer,
effects of local rearrangements of polymer chains, slow mutual transformations of
various electronic species, a first-order phase transition due to an S-shaped energy
diagram (e.g., due to attractive interactions between the electronic and ionic
charges), dimerization, and insufficient conductivity of the film at the beginning
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Fig. 6.11 Changes in the FTIR-ATR spectra of PANI obtained during a potential sweep (v = 1
mV s~ ') in HReO,~NaReO, electrolyte; potential range: —200 to 400 mV. Reference state: fully
reduced form (—200 mV). Each spectrum covers 40 mV. (a) pH 1; (b) pH 4. The arrow indicates
the direction of increasing potential (Reproduced from [101] with the permission of The Royal
Society of Chemistry)

of the anodic process have been proposed as possible explanations for the hysteresis
[71, 100, 109-114] (See also Sect. 6.6).

In polymers which have an electron-conducting backbone with pendant or built-
in redox groups (e.g., conjugated metallopolymers), three electron transfer
pathways may be operative [115] (see Fig. 6.13).
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Fig. 6.12 Cyclic voltammograms (two cycles; a) and (b) the simultaneously detected EQCN
frequency changes for a polyaniline film (L = 2.9 um) in contact with 1 M H,SO,4. Sweep rate:
100 mV s~! (Reproduced from [97] with the permission of Elsevier Ltd.)

There is electron hopping between the redox centers (process 1), as in conven-
tional redox polymers. Electron transfer may also occur through the polymer
backbone via a metal-metal electronic interaction (process 2, superexchange path-
way) or via polymer-based charge carriers (process 3, polymer mediation). The
electronic interactions between the m-system of the polymer and the d-orbitals of
the metal centers usually enhance the rate of the electron transfer process. Electron
transfer via polymer-based charge carriers requires the polymer to be electronically
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Fig. 6.13 Illustration of the
three electron transfer
pathways between metal
centers in which the electron-
conducting polymer
backbone participates:

(1) electron transfer reaction
(outer sphere electron
transfer; (2) superexchange
pathway; (3) polymer-
mediated pathway

conductive at potentials close to the formal potential of the redox groups. An
increased electron transport, mediated through the conducting polymer backbone,
significantly enhanced the electrochemiluminescence efficiency in polyaniline or
polypyrrole/Os(bpy)s>™** system [116].

6.2 TIon Transport

During electrochemical oxidation or reduction of the surface polymer films or
membranes, the overall electroneutrality of the polymer phase is retained due to
ion exchange processes between the polymer film and the bulk electrolyte solution
[2, 117-119]. Beside solvent and other neutral molecules may enter or leave the
film during the charging/discharging processes [2—4, 6, 23, 120—124]. In order to
maintain electroneutrality in the simplest case, either counterions must enter the
film or co-ions must leave it. (Co-ions are ions of the electrolyte present in the film
which have the same charge as the redox sites created by the electron transfer
reaction.) The relative contributions of ions carrying different charges to the overall
charge transport may depend on their physical properties (e.g., size) and/or on their
chemical nature (e.g., specific interactions with the polymer), as well as on other
parameters (e.g., potential) [2—4, 6, 19, 22, 23, 120-177].

There are a wide range of reaction schemes; however, most of the redox
transformations that include the participation of mobile ions of the contacting
electrolyte can be represented as follows:

Reduction. _
P+e +MT=P"MT, (6.17)

P'M' +e” +M'2P? Mj. (6.18)
Dimerization and protonation may also occur:

P+P M'=P,M*, (6.19)



212 6 Redox Transformations and Transport Processes

2P°M* P2 M}, (6.20)
P'M' +e +H"=PH M", 6.21)
P +2e” + 2H"=PH,, (6.22)

where P is a polymer with reducible groups and M* is the counterion (cation). A typical
example of such a polymer is poly(tetracyanoquinodimethane) [2, 126-128, 135];
however, the behaviors of electronically conducting polymers [e.g., the cyclic
voltammetric responses of poly(p-phenylene)] have also been elucidated by a dimer-
ization scheme [114]. For organic redox or conducting polymers, the nine-member
square scheme elaborated for the electrochemical transformation of quinones can be
applied partially or wholly, because electron transfer is always coupled with proton-
ation depending on the pH of the contacting solutions.

Oxidation.
P+X 2P™X +e, (6.23)

where X is a counterion (anion) (Examples: polyvinylferrocene [128, 136, 150] or
poly[Os™(bpy)x(vpy)a] X; [138].)

P+ X =PiX +te, (6.24)
PiX + X =PYX +e. (6.25)

(Examples: poly(tetrathiafulvalene); dimeric species are also formed [129,
138].)

In reactions (6.17)—(6.25), cations (M" or H") and anions (X ™) enter the film
during reduction and oxidation, respectively. In some cases, cations (i.e., the
co-ions) leave the polymer film during oxidation:

M; [AQDB(IDLe]>” =M* [AQDB(IILg) ™ + M*, (6.26)
PP — SO; M*—PP*SO; + M* +¢". 6.27)

(Examples: K3 [Ni(II)Fe(II)(CN)4] [134] or self-doped polypyrrole [140-143]
or polyaniline, see the scheme in Sect. 2.2.1.1, or poly(diphenylamine), see Sect.
22.1.2)

The oxidation of organic polymers is often coupled with deprotonation instead
of or as well as anion incorporation [2, 109]; see for example the schemes for PANI,
poly(diphenylamine), poly(o-phenylenediamine), polyphenazine, etc., in Sect. 2.2.

Figure 6.14 shows the cyclic voltammograms and simultaneously detected
EQCN responses for PANI electrodes in contact with three different electrolytes
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Fig. 6.14 Cyclic voltammograms and simultaneously obtained EQCN frequency changes as a
function of scan rate for PANI electrodes in contact with 1 mol dm™> electrolyte containing
(a) C104, (b) TSA™, and (c) SSA™ ions, at pH 2. Scan rates are (/) 6, (2) 10, (3) 20, (4) 50, and
(5) 100 mV s7! (TSA™ = 4-toluenesulfonate, SSA™ = 5-sulfosalicylate anions). (Reproduced
from [122] with the permission of Elsevier Ltd.)
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as a function of the scan rate. Both leucoemeraldine (L) — emeraldine (E or EHg,)
and emeraldine — pernigraniline (P) transitions can be seen in the voltam-
mograms. The respective frequency (mass) changes reveal that at pH 2 the domi-
nant reaction path is L — EHg, — P (see the scheme given in Sect. 2.2.1.1).
(At pH 2 the rate of the hydrolysis of pernigraniline is slow, and consequently the
E (or EHg,) — P transition can also be studied without any deterioration of the
polymer. It may also help that at pH 2 the voltammetric wave appears at a less
positive potential, since the pH dependence of these peaks is —120 mV/pH). These
curves show several very interesting features. First, it is evident that the relative
contribution of protons (hydronium ions) to charge transport is still substantial
during the early phase of oxidation; i.e., some of the leucoemeraldine is still
protonated (LHg,) and/or unprotonated emeraldine (E) also forms. It is under-
standable that this effect is more pronounced at lower pH values, which is clearly
apparent in Fig. 6.12. At pH 0, the mass change is minor, although a substantial
amount of charge has already been injected. The low mass change is due to the low
molar mass of H* ion, which is the species that leaves the surface layer. The
incorporation of the anions, which have a much higher molar mass, clearly
manifests itself in the observed EQCN frequency decrease [122, 144]. Simulta-
neous proton—anion exchange can also be detected by a probe beam deflection
technique. Figure 6.15 shows the cyclic voltammogram and the simultaneously
obtained voltadeflectogram for a PANI film in 1 mol dm~3 HCI10, [130, 145].

The small negative deflection pre-peak is due to the dehydrogenation and
expulsion of protons in the region of the first voltammetric oxidation peak. This
is followed by a large positive deflection peak which indicates anion insertion.
During the second oxidation process, where emeraldine — pernigraniline trans-
formations occur, both proton and anion expulsions take place (see the scheme in
Sect. 2.2.1.1), which are indicated by the negative deflection. In the reduction scan,
the opposite behavior is exhibited.

Theoretical calculation based on a polaronic model [147] elaborated by Daikhin
and Levi may give an explanation for the separation of the proton and anion
transports. In this model, Coulomb interactions between species with opposite
signs have been taken into account. Owing to the very high repulsion forces between
the nearest neighbor sites in the polymer chain, it is unfavorable that protons on the
nitrogen atom and the benzenoid ring filled with a hole (polaron) should exist next to
each other simultaneously. Consequently, deprotonation is a necessary process
when positive charges are injected into the polymer. This provides an explanation
for the deprotonation reaction that occurs at low potentials and also resolves the
apparent contradiction between experimental results and the consequences of apply-
ing the classical square scheme for coupled electron and proton transfer steps,
because the latter predicts that unprotonated leucoemeraldine can be oxidized at
less positive potentials than the protonated one. Second, the sweep rate dependence
of the EQCN response indicates that, in both redox steps, completion of the sorption/
desorption processes depends on the time scale of the experiment in a similar
manner. Third, the ratio of peak currents for the first and second waves
increases in the order C10,~ < SSA™ < TSA™ (SSA™ = 5-sulfosalicylate anions,
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TSA™ = 4-toluenesulfonate anions), and a similar proportionality holds for the

mass change that occurs simultaneously. A detailed discussion of the results
presented in Fig. 6.14, including solvent sorption and hysteretic behavior, can be
found in [122].

The thin-layer STM technique enables a sensitive semiquantitative local study of
the H" exchange processes associated with the redox transformations of PANI
[148]. It was found that at pH 2 significant H" exchange only occurs during the
emeraldine = pernigraniline transition.

The proton concentration at the PANI-electrolyte interface was monitored by
scanning electrochemical microscopy during the redox reactions of the polymer.
These experiments provided direct evidence of the increased protonation of the
leucoemeraldine form as the concentration of added NaCl is increased [149].

The results obtained by different techniques (radiotracer [123, 128], quartz
crystal nanobalance [22, 120-122, 124-126, 132-134, 150-164], probe beam
deflection [130, 133, 145, 166], STM [148], SECM [149], etc.) have revealed that
the situation may be even more complicated than this. It has been found that the
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relative contributions of anions and cations to the overall ionic charge transport
process depend upon several factors, such as the oxidation state of the polymer
(potential), the composition of the supporting electrolyte, and the film thickness [2,
19, 22, 23, 120-134, 150, 152, 164, 168]. The latter effect is shown in Fig. 6.16.

These phenomena can be understood in terms of morphological changes, ion
mobilities, interactions between the polymer and the mobile species (ions and
solvent molecules), size exclusion, and so forth [19, 22, 23, 61, 78, 120134, 150,
153-175].

For instance, if large counterions are used during film deposition (electropoly-
merization), co-ion exchange is largely observed. In this case, the large, sometimes
polymeric counterions are trapped in the polymeric layer due to strong van der
Waals and electrostatic forces.

The charge transport diffusion coefficient, which can be determined by transient
techniques, is characteristic of the rate-limiting step (either the electron or the ionic
charge transport). However, it is possible to decouple the electron and ion transport
using appropriate experimental techniques, and so the rates of the fundamental
charge transport processes can be determined separately.

The transport of ionic species can be described using the Nernst—Planck equa-
tion. In the absence of a mediated reaction, the convection term can be omitted,
because any stirring of the solution has no effect inside the film. At high
concentrations, the fluxes have a more complicated form due to the upper limits
on concentrations and/or short-range interactions between the species. Because of
the nonlinear character of the resulting equations, the solutions are usually obtained
using various approximations. The Poisson equation is usually replaced by the local
electroneutrality condition; this is justified for a sufficiently large ratio of the film
thickness to its Debye screening length and for a slow variation in potential. In the
presence of excess supporting electrolyte, the contribution to the flux from migra-
tion may also be neglected. Diffusion—migration transport equations have mostly
been solved for one-dimensional transport [2—4, 176, 177].

6.3 Coupling of Electron and Ionic Charge Transport

The electronic and ionic charge transport processes are coupled by the electro-
neutrality condition. This statement is valid for systems with different structures
(e.g., uniform and porous films) as well as for different mechanisms of electronic
charge transport (e.g., electron hopping between redox centers, migration—diffusion
transport of an incorporated electroactive component across the film, or long-
distance movement of charged sites in the matrix); however, each case needs
somewhat different theoretical treatments and the experimental manifestation
(e.g., in the steady-state or transient current) of this effect depends on other factors
(e.g., on the concentration of background electrolyte and the charge of the polymer)
[13-16, 4144, 178—195]. Typically, two mobile species are considered, assuming
that a Donnan exclusion exists (i.e., that co-ions do not participate in the charge
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Fig. 6.16 Effect of the thickness on the cyclic voltammetric (a) and EQCN (b) responses of
polypyrrole films. The thicknesses are (/) 0.14, (2) 0.48, and (3) 0.96 pm, respectively. Solution:
1 MNaCl; v = 10 mV s™' [124] (Reproduced with the permission of Springer-Verlag)

transport). However, a theoretical model involving a diffusion and migration charge
transport mechanism with three charge carriers has also been developed [179]. It is
a fundamental feature of all these analyses that electron transport is not only driven
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by a concentration gradient, but that migration plays also a role. It was recognized
that the electron hopping process cannot be described by the usual combination of
the classical Fick and Nernst—Planck laws, where the effect of the electric field is
considered, but rather a second-order law should be derived from the bimolecular
character of electron hopping, as opposed to the unimolecular character of ion
displacement [13—16, 41-44]. For systems in which the ratio of the oxidized and
reduced forms is fixed and kept constant (i.e., the total charge of the redox species
and hence the concentration of counterions are fixed), the theory predicts a maxi-
mum in the steady-state current (redox conductivity) near the formal potential of
the redox couple. The current due to the electron hopping is higher than that which
occurs in the absence of migration.

A detailed analysis of the modified Nernst—Planck equation derived from the
diffusion—migration model for coupled transport of the electronic and ionic charge
carriers indicates that under both steady-state and transient conditions, migration
always leads to an enhancement of intersite electron hopping, and somewhat
surprisingly the enhancement increases as the mobility of the counterions decreases.
Migration diminishes in all cases as the relative concentration of electroactive fixed
counterions is increased (i.e., the fixed counterions play a role similar to that of the
supporting electrolyte in solution studies). This is especially true when the diffusion
coefficient of the mobile counterions is small compared to the diffusion coefficient
for electron hopping. Another important result of this theory is that the charge
transport diffusion coefficient, which can be determined by chronoamperometry,
increases with the concentration of the redox species more rapidly than predicted by
the Dahms—Ruff equation [11, 26, 46]. (D varies as ¢ or even ¢’ )

The data obtained for Ru(bpy)33+/ >* jllustrates such a situation. Based on the
results from potential step chronoamperospectrometry, Kaneko et al. concluded
that the oxidation of Ru(bpy)32 to Ru(bpy)33+ in Nafion films takes place via
electron hopping, but physical diffusion plays a key role in the reduction [196],
which is in accordance with earlier findings [2].

The electron transfer distance, which includes the physical vibration of the redox
species around its anchoring position (called bounded motion [26]) and the distance
of the electron exchange reaction, increases as a function of potential due to the
increase in the center-to-center distance, which is 1.13 nm at 1.1 V and 1.47 nm at
1.5 V vs. SCE. The bounded motion distance, which is estimated as 0.25-0.31 nm,
remains unchanged.

The bimolecular rate coefficient of the electron transfer reaction (k.) also
increases with increasing potential. The apparent diffusion coefficient (D) for
the reduction is higher than that measured for the oxidation. The relationship
between k. and D, is

kec (8% 4 ni%)

Dapp = 6

, (6.28)

where, as well as the electron hopping distance (J), the bounded motion distance (4)
is taken into account, and 7 is the dimension of the charge transfer, which equals 3

in this case. Equation (6.28) predicts a linear D, vs. ¢ function; however, as seen
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in Fig. 6.17, a faster rise in D,p, can be observed at higher concentrations. This was
explained by the increasing participation of the redox sites in the oxidation process;
i.e., at low concentrations many isolated clusters exist, and electrons are not
transported to these by hopping.

An exponential decrease in the rate coefficient of the electron transfer (k.) as a
function of the distance was assumed. As can be seen in Fig. 6.18, the rate
coefficient corresponding to the redox complexes in close contact (k,) increases
strongly with the potential, so increasing the electric field enhances both the
electron hopping distance and the electron propagation rate [42, 43].

The increase in the rate of electron transfer was assigned to the enhancement of
the counterion migration rate [196]. The rate of the reduction increased linearly
with the redox center concentration, while D,,, was independent of ¢, which
indicates that a diffusion mechanism prevails.

It was concluded that the strength of the electrostatic interactions between
Ru(bpy);>* and Ru(bpy);** and the sulfonic anions in Nafion plays a key role.
Since the electrostatic interaction is weaker in the case of Ru(bpy);>*, the motions
of these ions are less hindered, and so their physical diffusion can contribute to
charge propagation during reduction. In contrast with reduction, the products of
oxidation, i.e., Ru(bpy)s;”* ions, form strong cross-links with the anionic groups of
Nafion, and the charge transfer takes place by electron hopping.

The charge propagation in layer by layer (LbL) electrostatically self-assembled
redox polyelectrolyte multilayers has been studied experimentally and theoretically
by Calvo et al. by using cationic osmium pyridine—bipyridine derivatized
poly(allylamine) and poly(vinyl sulfonate) polyanion model system in different
electrolytes [197, 198]. The dramatic effects of outmost layer were emphasized. A
diffusion model was developed to account for the experimentally observed depen-
dence of the average peak potential with the scan rate. This model was able to
describe both the redox peak potential and the current, providing information on the
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Fig. 6.18 The variations in 7
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system (Reproduced from
[196] with the permission of
Elsevier Ltd.)
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electron transfer rate constants and the diffusion coefficient for the electron hopping
mechanism. The important consequences for electrochemical devices built by
layer-by-layer self-assembly, such as amperometric biosensors or electrochromic
devices, were also discussed [197, 198]. Besides electric field effects, ion associa-
tion within the polymer films plays an important role in the dynamics of electron
hopping within the films. (Extensive ion association might be expected due to the
high ion content and the low dielectric permittivity that prevails in the interiors of
many redox polymers.) According to the model that includes ion association, the
sharp rise in the apparent diffusion coefficient as the concentration of the redox
couple in the film approaches saturation is an expected consequence of the shift in
the ionic association equilibrium to produce larger concentrations of the oxidized
form of the redox couple, which is related to rapid electron acceptance from the
reduced form of the couple [178].

Ion association effects have also been considered in the case of conducting
polymers. It is assumed that ions exist inside the polymer films in two different forms.

The bound or immobile ions are associated with either neutral or charged sites in
the polymer matrix. Assuming the formation of bonds between the neutral sites and
ions, the splitting of the cyclic voltammetric curves and the minimum in the mass
versus charge relationship can be explained [186].

The advanced models elaborated for the low-amplitude potential perturbation of
metal/conducting polymer film/solution systems also take into account the different
mobilities of electronic (polarons) and ionic species within the uniform film. An
important feature of this approach is that the difference in the electric and ionic
mobilities (D, # D;) leads to nonuniformity of the electric field inside the bulk
film, which increases as the ratio D./D; increases, and the electric field will vanish
when D, = D; [190, 194, 195].

A model was developed, which considers the coupling among electron transfer,
deformation, screening, and binding. The model is based on the assumption that
macromolecules are composed of segments of different lengths that may bind species
present in the contacting solution, which also may contain redox species [199].
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Beside the counterions’ sorption/desorption, the exchange of solvent and in some
cases that of the salt (acid) molecules between the polymer film and background
electrolyte is expected theoretically and has indeed been found experimentally.

6.4.1 Solvent Transport

The equilibrium distribution of neutral molecules depends on the difference
between their standard chemical potentials in the polymer and solution phases.
The free energy of transfer is higher (i.e., the sorption of neutral molecules in the
polymer phase is greater) if the neutral species and the polymer are similar in
character [2, 117-119]. For instance, more water will be incorporated into hydro-
philic polymers containing polar groups. Because in many cases a neutral polymer
is converted into a polyelectrolyte as a function of potential, the partitioning of
water between the polymer film and the electrolyte solution will change during the
charging/discharging processes. This may cause a swelling or shrinking of the
layer. The extent of swelling is strongly affected by the electrolyte composition
(both the nature and concentration of the electrolyte) and temperature [2, 19, 120,
124, 126, 200].

The expansion and contraction of the polymer network in conjunction with the
sorption/desorption of solvent molecules and ions can be described in terms of
mechanical work. This mechanical contribution should be considered in the calcu-
lation of the equilibrium electrode potential (see Chap. 5). The deformation coupled
to the redox reaction is elastic in nature. A plastic deformation occurs when a
neutral, dry film is immersed in electrolyte solution and electrolyzed. It has been
observed for a range of neutral polymer films freshly deposited on metal substrates
by solvent evaporation techniques that several potential sweeps are required for the
films to become fully electroactive [2, 19, 128, 200, 201]. This phenomenon has
been referred as the break-in effect (Fig. 6.19).

A secondary break-in effect may be observed when the film is in its neutral form
for a long period of time before a repeated charging process. Both break-in effects
are attributed to the incorporation of solvent molecules and ions into the film phase
during electrolysis, as well as to potential-dependent morphological changes.
The rate of the diffusive transport of solvent molecules depends on the structure
of the polymer and the motion of polymer segments. In crystalline and cross-linked
polymers, or below the glass transition temperature, the movement of the incor-
porating species may be rather slow. On the other hand, solvent molecules act as
plasticizers, and therefore increase the rate of diffusion for both neutral and ionic
species inside the film.
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6.4.2 Dynamics of Polymeric Motion

The rate of chain and segmental motions is of the utmost importance, since these
processes may determine the rate of the diffusional encounters and consequently
the rate of the electron transport process within the polymer film. Below the glass
transition temperature (7,), the polymeric motion is practically frozen-in. Above
T, the frequency of the chain and segmental motions strongly increases with
temperature [2, 202]. The plasticizing effect of the solvent enhances the rates of
all kinds of motions in the polymer phase. At high electrolyte concentrations, the
ionic shielding of the charged sites of the polymer increases, and the polymer film
will adopt a more compact structure. In this case, the activity of the solvent is also
low, and so the film swelling is less [2, 23, 200]. In the more compact structure, the
molecular motions become more hindered. Covalent or electrostatic cross-linking
diminishes the rates of all of the physical diffusion processes.
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In a general sense, the swollen polymer films can be considered to be polymer—
polyelectrolyte gels. Various microscopic techniques have revealed a pronounced
heterogeneity of the surface layer [2, 203—209]. In this respect, one must distinguish
between macropores (the diameters of which considerably exceed 10 nm) and
nanopores (which represent solvent molecules and ions between the polymer
chains). Inside the macropores, the thermodynamic and transport properties of
ions and solvent molecules are practically the same as those of the contacting
bulk solution.

Space-charge regions (electric double layers) are formed at the interface
between the polymer and solution phases, the thickness of which is much smaller
than the characteristic sizes of macroelements (fibrils, grains, and pores). The
polymer phase itself consists of a polymer matrix with incorporated ions and
solvent molecules which do not form a separate continuous phase. Strong coulom-
bic attractions between the electronic and ionic charges prevent them from being
separated by a distance significantly exceeding the Debye screening length of the
medium (ca. 0.1-0.3 nm in the charged state). There are three principal approaches
to modeling the structure of the polymer phase [1, 193]. One may consider a
uniform, homogeneous film [118, 190, 192-194], or a porous medium [31, 34,
86, 210-213], or an inhomogeneous homogeneous phase, where the properties of
the first layer differ from those of the bulk film (see also Sect. 3.1.3). For uniform
films, the polymer phase contains macromolecules, ions, and solvent molecules. In
equilibrium its state is determined by the equality of the electrochemical potentials
for all mobile species in all adjacent phases. Both electronic and ionic species
participate in the formation of the space charges at the interfaces with the
surrounding media, metal, and solution. The electroneutrality condition prevails
inside the film; only a small imbalance from the charge related to the electric
double layer species inside the metal or the solution parts of the interfaces is
assumed. The overall electrode potential represents the sum of two inter-
facial contributions corresponding to the metal-polymer and polymer—solution
interfaces. The potential distributions across the metal—film—solution depend
on the electrolyte concentration and the partitioning equilibrium. At sufficiently
high concentrations of co-ions inside the film, the potential drop at the
polymer—solution interface is almost constant. In the opposite limiting case, the
potential profile shows a gradual transformation as a function of charging level
and the potential drops vary at both interfaces [118]. This model considers
diffusion—migration transport of electronic and ionic charge carriers in a uniform
medium, coupled with possibly nonequilibrium charge transfer across the
corresponding interfaces at the boundaries of the film.

One extension of the uniform model is the inhomogeneous homogeneous model
[136, 214], where due to the strong interactions between the adsorbed polymer
molecules and the metal substrate (the nature of the metal and its surface geometry
may play an important role), the properties of this layer are different from the rest
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of the film. It can be described formally by introducing an adsorption pseudoca-
pacitance and a resistance connected with the charging/discharging process within
the first layer of the film at the metal interface.

The alternative approach, the porous medium model [31, 34, 107, 210-213, 215]
separates polymer chains from ions and solvent molecules, placing them into two
different phases. Physically, it represents a porous membrane which includes a
matrix formed by the polymer and pores filled with electrolyte. Therefore, this
macroscopically homogeneous two-phase system consists of an electronically
conducting solid phase and an ionically conducting electrolyte phase. The transport
properties of ions and solvent molecules in this phase may significantly differ
from those in bulk electrolyte solutions. Each of these phases has specific electric
resistivities (they may be inhomogeneous), and the two phases (i.e., their
resistivities) are interconnected continuously by the double-layer capacitance at
the surface between the solid phase and the pores. A further interconnection results
from the charge transfer at the surface of the pores. There is also an electron
exchange between the regions in the polymer with different degrees of oxidation.
Despite seemingly opposite ways of describing the polymer phase in these
approaches, the results concerning the responses to dc and ac perturbations often
turned out to be similar or even identical.

Porosity effects during the charging process have long been considered in
discussions of the faradaic and capacitive contributions to the current, especially
in the case of electronically conducting polymers. For instance, the peaks of cyclic
voltammograms were attributed to the faradaic process, while the plateaus of the
current were considered to be an indication of the capacitive term [100, 106, 107,
216-220]. However, this straightforward analogy to the metal—solution interface
does not work in reality; the obviously faradaic process of the redox transformation
of the redox species in the surface layer does not lead to a direct current, unlike
similar reactions for solute species.

6.5.1 Thickness

According to the theory of metastable adsorption of de Gennes [221], when an
adsorbed polymer layer is in contact with a pure solvent, the layer density
diminishes with increasing distance to the substrate (e.g., metal) surface. The
behaviors of several polymer film electrodes, such as poly(tetracyanoquino-
dimethane) [135], poly(vinylferrocene) [150, 222], polypyrrole [223], and
polyaniline [69, 224], have been explained by assuming that the local film
density decreases with film thickness; that is, from the metal surface to the
polymer—solution interface.
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6.5.2 Synthesis Conditions and Nature of the Electrolyte

The film morphology (compactness, swelling) is strongly dependent on the compo-
sition of the solution, most notably on the type of counterions present in the solution
used during electrodeposition and the plasticizing ability of the solvent molecules
(see also Sect. 6.4). For instance, in the case of polyaniline BF,~, ClO,  and
F;CCOO™ promote the formation of a more compact structure, while the use of
HSO4~, NO3™, or CI™ results in a more open structure [109, 122, 204, 225]. Poly
(vinylferrocene) is more swollen in the presence of SO, ions than in NO3~ or
CIO, -containing electrolytes. This means that the different anions enter the film
together with their hydration spheres, since the magnitude of the mass change is as
follows: sulfate > nitrate > perchlorate. This corresponds to the order of degree of
hydration of these anions. On the other hand, the ion-pair formation constant for the
oxidized sites and the ClO, " ions is greater than that for NO;~ or SO427 ions,
which is reflected in the more positive formal potential of the ferrocene/ferricenium
redox couple in Na,SO,4 or NaNOj solutions compared with NaClO, electrolyte, as
seen in Fig. 6.20.

The more pronounced swelling also reflects the more extensive interaction
between water and the charged ferricenium sites in the presence of SO,* - or
NO; -compared to ClO, -containing electrolytes [121, 150]. Although in many
papers it has been claimed that, once formed, the structure would be preserved even
when the electrolyte used during electropolymerization is replaced by another one.
However, this is not true. During cycling—albeit usually slowly—the morphology
of the polymer layer changes, and eventually a structure characteristic of the
polymer in that electrolyte develops. Figure 6.21 shows the results of such an
experiment, when PANI film prepared in the presence of HCIO, (see Fig. 4.2)
was investigated in 5-sulfosalicylic acid (HSSA). In the presence of perchlorate
ions, PANI adopts a more compact structure than in the solution of sulfosalicylic
anions (SSA ™) (compare the respective Af values in Fig. 4.2). However, slow ion
exchange occurs during cycling as HCIO, is replaced by HSSA. The original
electroactivity is gradually regained, and the compact structure is simultaneously
transformed into a less compact, more swollen one.

6.5.3 Effect of Electrolyte Concentration and Temperature

The swelling and shrinking of a polyelectrolyte gel are strongly affected by the
concentration of the contacting electrolyte solution and the temperature [2, 19, 120,
121, 127]. Thermodynamic theory, which considers three contributions to the free
energy of the gel (i.e., mixing of constituents, network deformation, and electro-
static interactions), predicts gel shrinkage as the salt concentration is increased or
the temperature is decreased [226]. The shrinking process usually occurs smoothly,
but under certain conditions the process becomes discontinuous, and the addition of
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a tiny amount of salt will lead to the collapse of the gel; i.e., a drastic decrease in the
volume to a fraction of its original value.

The onset of shrinking and swelling substantially depends on temperature.

This phenomenon is akin to thermodynamic phase transitions in other branches
of physical chemistry. The abrupt deterioration of the charge transport rate in poly
(tetracyanoquinodimethane); Fig. 6.22 or poly(vinylferrocene) films [23] at high
electrolyte concentrations (10 mol dm 3 LiCl or 5 mol dm® CaCly) and its
temperature dependence (Fig. 6.23) can be interpreted based on thermodynamic
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Fig. 6.21 Cyclic voltammograms and the simultaneously obtained EQCN frequency curves
recorded for a PANI electrode (a) in 1 mol dm™? HCIO4 (b) and (¢) in 1 mol dm~? 5-sulfosalicylic
acid (HSSA) after exchanging HCIO, for HSSA. The curves shown in (b) were taken during the
first five cycles after the solution had been replaced, while those in (c¢) display the current and
frequency responses from the 135th to the 175th cycles. Scan rate: 100 mV s~' (Reproduced from
[122] with the permission of Elsevier Ltd.)
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Fig. 6.22 Cyclic I/ mA
voltammograms of a poly
(tetracyanoquinodimethane)
electrode (I' =13 nmol cm™2)
in contact with lithium
chloride solution at different
concentrations: (/) 0.625, -0.6
(2)1.25,(3)2.5,(4) 5.0, and

(5) 10.0 mol dm™>. Sweep

rate: 60 mV s~ (Reproduced

from [20] with the permission -04
of Elsevier Ltd.)

—0.8} 3

0.2

0.2 0 -0.2
E/Vvs S.C.E
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theory [20, 23, 227]. In a more compact structure, the rate of electron hopping may
increase since the concentration of redox (c) sites is high; however, a deterioration
in the film’s permeability to the counterions due to the decrease in the free volume
is expected at the same time. The maximum observed in the peak current versus salt
concentration curve is the result of the balanced effects of the enhanced electron
exchange process and the hindered counterion motion. The abrupt change in the
free volume of solvent-filled cavities causes a sharp decrease in the charge transport
diffusion coefficient [2, 20, 23, 227, 228]. A rigorous theoretical treatment which
takes into account the extension and contraction of the polymer chain as it is
electrochemically converted into a polyelectrolyte is very difficult if not impossible
due to the complexity of the polyelectrolyte systems and the lack of an appropriate
set of data. Inzelt et al. [2, 20] modeled these effects in an empirical approach by
scaling the concentration of electroactive sites in the polymer film and the effective
charge transport diffusion coefficient (D) with csl/ 2,
By employing the empirical equations

c=2Z(1+Bcl/?), (6.29)

and
D =D°(1 —H'c). (6.30)
A semiquantitative description of the effect of concentration on peak currents
and peak potentials has been obtained. D¢, is the effective diffusion coefficient of
charge transport through the polymer film in the absence of the addition of
supporting electrolyte; Z, B, and H' are empirical parameters characteristic of the
system under study. The values of these parameters depend on the nature of the
solvent, the counterions (their size and charge), and the polymer forming the film.

Combining (6.29) and (6.30) with the Randles—Sevéik equation, as well as the
appropriate Nernst equation, gives the relationship

I, = Ki[l — H(1 4+ Be!/»)]"*(1 + Bcl?), (6.31)
and

E, :Kﬁ+g In{c,[1 — H(1 + Bcl/?)]2}, (6.32)
where

Ki = 2.69 x 10°D.)?Av'/*Z and H = ZH'

3

. RT
Kg =E] —— InK £0.0285.
zF
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The constant in the equation of the peak current (K;) includes the quantities in the
Randles—Sev&ik equation; i.e., A is the electrode area, v is the scan rate, and the
charge number of the electrode reaction is assumed to be 1. The constant in the
equation of the peak potential (Ky) contains the formal potential (Efj/) and the
formation constant of the salt, ion pair, or complex (K). +0.0285 V and —0.0285 V,
respectively, have to be used for the anodic and cathodic peak potentials. The + or a—
sign that appears before the term of (RT/zF) In K depends on the type of ions
exchanged. When counterions enter the polymer film, the sign is + for reduction
and — for oxidation, respectively. For instance, for the reduction of TCNQ [see (2.1)],
the sign is positive. However, when co-ions leave the film, the opposite sign applies, i.
e., during oxidation [see (6.26) and (6.27)] the sign is positive. The most remarkable
conclusion of these calculations is the fact that the variation in the I, and E,, values
with ¢, can be described with the same set of parameters for a given system.
In addition, the variation in Z, which is characteristic of the chemical structure of
the film, B, which in turn is linked to the swelling (solvent—polymer and ion—polymer
interactions) and H, which expresses how the permeability of the film depends on the
sizes of the penetrating ions and the solvent-filled cavities (the free volume in the
film), exhibited rather reasonable, systematic changes as the solvent was replaced
with a better one or univalent ions were substituted for bivalent ones.

6.6 Relaxation and Hysteresis Phenomena

Owing to the long relaxation times characteristic of polymeric systems, the equi-
librium or steady-state situation is often not reached within the time scale of the
experiment. Figure 6.24 shows the change in the resistance of polyaniline after
potential steps.

It can be seen that the achievement of a constant resistance value takes a rather
long time, especially during the conducting-to-insulating transition. Consequently,
even slow sweep rate cyclic voltammetry does not supply reliable thermodynamic
quantities that can otherwise be derived by analyzing the changes in the peak
potentials. The polymeric nature of these systems is most strikingly manifested in
the relaxation phenomena linked to changes in the conditions (potential, tempera-
ture, etc.) which appear in different effects such as the hysteresis, “first cycle,” and
memory effects [19, 54, 89, 109, 111, 147, 219, 228-239].

The first cycle or waiting time effects (where the shapes of the cyclic
voltammograms and the peak potentials depend on the delay time at potentials at
which the polymer is in its neutral/discharged state: see also “secondary break-in")
have been interpreted in terms of slow morphological changes and/or the difficulty
removing the remaining charges from insulating surroundings [228, 230, 231].
It should be mentioned that this problem also arises in the case of redox polymers
[19,23, 130-132]. The results of fast scan rate voltammetry, chronoamperometry, and
chronopotentiometry have also been explained by a model assuming instantaneous
two-dimensional nucleation and growth of conducting zones, and it was concluded
that oxidation and reduction must proceed by different pathways and involve different
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Fig. 6.24 The current transients and the respective resistance—time curves obtained after
performing potential steps (a) from 0.2 to 0.15 V and (b) from 0.15 to 0.2 V for a PANI electrode
in contact with 2 mol dm™> H,SO, (Reproduced from [54] with the permission of Elsevier Ltd.)

degrees of disorder [109, 240]. The slow change in the local pH has also been
accounted for [229]. For the conducting-to-insulating conversion, the slow relaxation
effect has been interpreted within the framework of percolation theory [236, 241] and
by the electrochemically stimulated conformational relaxation (ESCR) model [111,
174, 242, 243]. Both of these theories predict a logarithmic time dependence. The
percolation theory assumes that the slow relaxation after rapid conducting—insulating
conversion is composed of three interrelated processes: statistical structure formation,
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random fluctuations, and electron transfer. Accordingly, the rate-determining step is
either the electrochemical reaction that occurs in electrode-percolated conducting
clusters or the random rearrangement of conducting clusters by electron exchange
reactions between the conducting and insulating species and/or the diffusion of
polymer chains. The rate of the conducting—insulating conversion suddenly slows
down at the percolation threshold.

In the percolation models elaborated by Aoki and coworkers [234-236, 241,
244-246], it is assumed that the C (“conducting”) species produced by the electro-
chemical oxidation act as a metal-like electrode in converting the I (“insulating”)
species into the C species. The C domain generates itself, growing toward the
solution phase with a well-defined boundary between the C and the I zones. The rate
of oxidation is controlled by the rate of electron transfer from the C zone to the
I zone; in a first approach the influence of the ionic charge transport is neglected.
Electric double layers may form not only at the boundary between the two zones but
also at the microscopic interfaces between C species and the solution penetrating
into the C domain. Since the double layer is distributed over the film in the C state,
the reduction is allowed to occur at any position or preferentially at the most active
sites in the C domain. During reduction, a random conversion takes place in the
C microdomains, which have electric connections with the metal substrate. The
conversion proceeds until the molar fraction of the C species decreases to a
threshold of percolation. As a result, some of the C species is left behind in the
film, forming a fractal geometry [234]. The C species remaining in the film can be
transported to the electrode by diffusion, or their reduction may occur via electron
hopping. Since only a small proportion of the C zones are connected electrically to
the metal below the percolation threshold, the conversion rate becomes very slow.
This manifests itself in the slow relaxation, which is characterized by the variations
in the polymer film over times of as long as a few hours. This is the main cause of
the phenomena known as the memory effect, the first cycle effect, and hysteresis.
The key parameter of slow relaxation is the electrolysis time in the I state, often
called a waiting time, f,,. The anodic peak potential, peak current, and the spin
concentration depend logarithmically on #,,. Aoki investigated the dependence of
the faradaic charge associated with the switching of PANI films [244].

A distribution of C clusters was assumed. Some clusters are in contact with the
metal, while others are surrounded by other C species and I species. The rate-
determining step is the charge transfer rate at the C-I interface or the formation of
C clusters. For the time (#) dependence of the charge consumed (g), the following
equation was derived:

aks,
q=qr(l —p) =qT+Z—Tln[<q—>t+eXp(—apc)}, (6.33)
T

where gt is the total charge associated with the redox reaction; p is related to the
ratio of the concentrations of the oxidized (¢,) and reduced (cg) species [i.e.,p = ¢/
(co + cRr); a is the probability of creating C clusters for small variations in p]; k is the
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rate coefficient per volume of the reduction (¢grdp/dt = —ks), a potential-dependent
quantity; s is the volume of all percolated clusters; s, is the volume of the percolation
threshold (p.). Since 0 < p < 1or0 < ¢ < ¢r, (6.29) has a maximum of .

It was derived [244] that p. = 0.23, and so the term exp(—ap,.) is negligibly
small. Therefore, the equation for the logarithmic dependence of ¢ on the waiting

time t,, is
1 1 kso
q=gr [() Inty + () In (“ s > + 1} (6.34)
a a qr

The value of @ was determined from the ¢ vs. In ¢, plots; and it was found that a
is not constant but is instead proportional to g . Consequently, the volume
increase as a function of p can be obtained from the following equation:

s = peexpldgr ¥ (p — p)]. (6.35)

where @’ is a constant. The relaxation behavior of PANI has been analyzed in
several papers using percolation theory [234-236, 241, 244-246].

The ESCR model assumes that two main processes are operative concerning the
kinetics of the redox switching of conducting polymers. First is the charging—-
discharging process, which includes electronic and ionic charge transport. Second
is the induced conformational change in the polymer that affects the rate of the
electrochemical transformation, and due to the slowness of the relaxation of the
polymer this process may last much longer than the actual oxidation or reduction
process. The latter model was used to describe the redox switching of polypyrrole,
where an extensive volume increase occurs during oxidation. It should be taken into
account that extramechanical energy is needed to open the originally compact
structure. The hysteresis effect has been explained by the difference in the oxidation
and reduction sequences.

According to the ESCR model, the following steps should be considered. Upon
applying an anodic overpotential to a neutral conjugated polymer, an expansion of
the closed polymeric structure occurs initially. In this way, partial oxidation takes
place and under the influence of an electrical field counterions from the solution
enter the solid polymer at those points in the polymer/electrolyte interface where
the structure is less compact. This is called the nucleation process. Then the
oxidized sphere expands from these points toward the polymer/metal interface
and grows parallel to the metal surface. The rate of this part of the overall reaction
is controlled by a structural relaxation involving conformational changes of poly-
mer segments and a swelling of the polymer due to electrostatic repulsions between
the chains and incorporations of counterions (see Fig. 6.25). The oxidation process
is completed by the diffusion of counterions through the previously opened struc-
ture of the polymer. Opposite processes occur during reduction. The positive
charges on the polymers are neutralized and counterions are expelled. Reverse
conformational changes lead to a shrinking of the polymer. Diffusion of the
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Fig. 6.25 Illustration of the ESCR model (Reproduced from [174] with the permission of Elsevier Ltd.)

counterions becomes more and more difficult. The structure is closing. The degree
of compaction that takes place during this closing step depends on the cathodic
potential applied to the polymer and will be more efficient at more negative
potentials. The compact structure hinders counterion exchange with the solution.
A quantitative expression for the relaxation time 7t needed to open the closed
polymer structure is as follows:

T =1, eXp[AH" + z.(Es — E.) — z:(E — E, )], (6.36)

where AH* is the conformational energy consumed per mole of polymeric
segments in the absence of any external electrical field; the second term z.(Es — E.)
is the energy required to reduce, close, and compact one mole of polymeric
segments, with Eg = experimental potential of closure and E. = compaction
potential, and finally z,(E — E,) represents the energy required to open the closed
structure. (z, = charge consumed to relax one mol of polymeric segments; 7, =
relaxation time in the absence of any polarization effects.)

The hysteresis effect and the non-Nernstian behavior for polyaniline have also
been elucidated with the help of polaron models by considering that the formation
energies of both polarons and bipolarons increase as the degree of oxidation
increases [86, 212]. A first-order phase transition due to an S-shaped energy
diagram that is in connection with attractive interactions between electronic and
ionic charges has also been proposed [239]. The hysteresis phenomenon has also
been explained by the stabilization of the oxidized polymer molecules by
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considering that the originally twisted, benzoid conformation is transformed into a
more planar, quinoid-like structure with better m-conjugation, which can therefore
be reduced at lower potentials (with lower energy). The planarization of the twisted
segments within a chain takes place during the first stage of the charging process,
and due to the interactions between the m-electron clouds of the neighboring
charged segments intermolecular stabilization can also occur. Intermolecular
interactions are favorable in the crystalline domains of the polymer. It is assumed
that the stabilization process is fast [100]. Even an intermolecular coupling of the
two m-radical centers forming a g-bond and the dimerization and disproportion of
polaronic segments have also recently been proposed [71, 113, 114]. Vorotyntsev
and Heinze [114] elaborated a concept based on two coexisting subsystems in the
polymer matrix, i.e., the usual neutral, cation radical (polaron), and dication
(bipolaron) sites, and entities representing a couple of sites where intermolecular
bonds between neighboring molecules are formed. These bonds may be either
n-bonds or ¢-bonds, and the dimers may also exist in neutral, charged, and doubly
charged states. The idea was based on the results obtained when charging and
discharging PPP films, which indicated that there are reversible or quasi-reversible
and irreversible processes depending on the potential intervals investigated for the
oxidation and reduction processes, respectively. In this work, the distribution
of redox potentials (energetic inhomogeneity) was also considered. The concentra-
tion distributions of the various species were calculated by using reasonable
assumptions for the values of different equilibrium and kinetic quantities. One of
the results of these calculations, where the dispersion of the redox potentials of the
undimerized forms has also been taken into account, is shown in Fig. 6.26.

During the anodic scan, the neutral form (D) initially transformed into a singly
charged form (Dy;). This was then gradually replaced by the G-bond state (D). The
concentrations of D; and D, are also noticeable within this potential interval.

During reduction, the concentration profiles are quite different; the radical form
(D,) appears in substantial amounts as an intermediate. Because the potential range
in which the given species exists is shifted, a hysteresis can be observed in the
potential variations in the principal concentrations of species Dyy and Ds. The
corresponding theoretical cyclic voltammograms are presented in Fig. 6.27. Paasch
analyzed the hysteresis in terms of dissociation of bipolarons [89].

It is worth mentioning that the considerable difference between the anodic and
cathodic peak potentials of the cyclic voltammograms for the poly(tetracyanoqui-
nodimethane) redox electrode (Fig. 6.22) has been explained by the formation of
dimeric species; i.e., the slow formation of mixed-valence dimers during reduction
(charging) and the fast reoxidation of dimer dianions resulting in mixed-valence
dimers during the discharging process [19, 127].

The concentrations of the anion radicals and the dimer dianions were derived
from UV-VIS spectroelectrochemical data. The concentration of the mixed-
valence dimer was calculated from the variation in the ESR intensity and the
concentration of the other paramagnetic species, TCNQ- [127] (see Fig. 6.28).

The shielding effects of the counterions may also contribute to the overall
stabilization energy.
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Fig. 6.26 Variations in the concentrations of various dimerized forms during cyclic voltammetry.
A broad energy distribution was considered for the undimerized sites, whereas each dimerized
state (D) was characterized by a single redox potential. Doy, Do, Doy, D115 Dr, D, and D,
symbolize the different dimers, where the indices 0, 1, and 2 indicate neutral, singly, and doubly
charged species, respectively; e.g., Dg; is a dimer of a neutral and a singly charge entity. D is a
m-bond complex between the neighboring molecules, and D is a corresponding c-bond complex,
while D, is a partially discharged G-bond complex (Reproduced from [114] with the permission of
Elsevier Ltd.)

The hysteresis phenomenon was analyzed in terms of two classes: dynamic
hysteresis containing a kinetic and an ohmic component, and stationary or thermo-
dynamic hysteresis. It was concluded that the hysteresis in cyclic voltammograms
observed for poly(3-methylthiophene) is mainly kinetic in nature, while for PANI
the hysteresis (which is independent of scan rate and current) has a thermodynamic
origin [230].

While the effect of potential-induced relaxation phenomena has been studied
extensively, less effort has been expended in exploring the effect of temperature.
One notable exception is a temperature shock experiment on a poly(tetracyanoqui-
nodimethane) electrode. It was found that when the electrode returned from ele-
vated temperature to room temperature, a relatively long time (>30 min) was
needed to restore the original room temperature voltammetric response, as seen in
Fig. 6.29.

Apparently, the polymer adopts an extended, perhaps solvent-swollen confor-
mation at elevated temperatures that requires a long time to revert back to the room
temperature structure [19, 227]. Such behavior is observed in studies of polymer
gels, where varying the temperature results in the hysteresis of macroscopic poly-
mer properties such as swelling, elasticity, and turbidity.
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Fig. 6.29 Cyclic voltammograms obtained for a poly(tetracyanoquinodimethane) electrode in
contact with 10 M LiCl at (/) 69°C and (2-6) after rapid cooling at 22°C, recorded after delays of
2)4,(3)9, (4) 13.5, (5) 22.5, and (6) 38.5 min (Reproduced from [227] with the permission of
Elsevier Ltd.)
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6.7 Measurements of the Rate of Charge Transport

The rate of charge transport within an electrochemically active polymer film has
been successfully studied by transient electrochemical techniques. One may distin-
guish between methods using large and small potentials or current perturbations.
Cyclic voltammetry and potential (less often current) step and pulse techniques
have been applied for basic characterization. Average values for the charge trans-
port diffusion coefficient can be obtained using these techniques, since the
properties of the polymer change continuously and large amounts of ions and/or
solvent molecules are exchanged between the polymer phase and the bulk solution
during the experiments. Owing to the marginal perturbations from equilibrium
(steady state) caused by low-amplitude (<5 mV) sinusoidal voltage, electrochemi-
cal impedance spectroscopy (EIS) is evidently advantageous compared to other
techniques involving large perturbations. The actual reaction mechanism may be
elucidated and the rate-determining step assigned using combined techniques.
Information on these techniques and references associated with them can be
found in Chap. 3.
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